
Northwest climate 
change and the 
coastal zone

P h i l i p  M o t e
U n i v e r s i t y  o f 

W a s h i n g t o n



The Climate Impacts Group

Goal: help the Pacific Northwest 
become more resilient to climate 
variations and climate change

Supported by NOAA Climate Program Office as 
part of the Regional Integrated Science and 
Assessments (RISA) program

http://cses.washington.edu/cig/



Final Government Review Summary for Policymakers IPCC WG1 Fourth Assessment Report 

Do Not Cite or Quote SPM-3 Total pages: 16 

predominantly agriculture and fossil fuel use, but relative contributions from different source types 1 

are not well determined. {2.3, 7.4}  2 

 3 

! The atmospheric nitrous oxide concentration increased from a pre-industrial value of about 270 ppb 4 

to 319 ppb in 2005. The growth rate has been approximately constant since 1980. More than a third 5 

of all nitrous oxide emissions are anthropogenic and are primarily due to agriculture. {2.3,7.4} 6 

 7 

 8 
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CHANGES IN GREENHOUSE GASES FROM ICE-CORE AND MODERN DATA 10 

 11 
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FIGURE SPM-1. Atmospheric 13 

concentrations of carbon dioxide, 14 

methane and nitrous oxide over the last 15 

10,000 years (large panels) and since 16 

1750 (inset panels). Measurements are 17 

shown from ice cores (symbols with 18 

different colours for different studies) 19 

and atmospheric samples (lines). The 20 

corresponding estimated radiative 21 

forcings are shown on the right hand 22 

axes in the large panels. {Figure 6.4} 23 
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IPCC (2007) 
conclusions

• warming of the climate is 
unequivocal

• Most of the observed increase 
in global average temperatures 
since the mid-20th century is 
very  likely due to the observed 
increase in anthropogenic 
greenhouse gas concentrations 



Global mean temperature



Regional attribution
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As the West 
warms,

winter flows rise 
and summer flows 

drop

Stewart et al. J Climate 2005



Temperature change
2080-99 minus 1980-99

Averaged over 21 global models; IPCC Fig 11.12
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Precipitation change
2080-99 minus 1980-99

Averaged over 21 global models; IPCC Fig 11.12
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Downscaling



Difference in projected winter temperature (°C) 
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What controls local sea level
• Global sea level 21st century changes

- thermal expansion 
- melting land ice 

• Wind-driven sea level 
• Local vertical land movements 
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Observations: Oceanic Climate Change and Sea Level Chapter 5

The TAR chapter on sea level change provided 

estimates of climate and other anthropogenic 

contributions to 20th-century sea level rise, based 

mostly on models (Church et al., 2001). The 

sum of these contributions ranged from –0.8 to  

2.2 mm yr–1, with a mean value of 0.7 mm yr–1,  

and a large part of this uncertainty was due to the 

lack of information on anthropogenic land water 

change. For observed 20th-century sea level rise, 

based on tide gauge records, Church et al. (2001) 

adopted as a best estimate a value in the range of 1 

to 2 mm yr–1, which was more than twice as large as 

the TAR’s estimate of climate-related contributions. 

It thus appeared that either the processes causing 

sea level rise had been underestimated or the rate 

of sea level rise observed with tide gauges was 

biased towards higher values.

Since the TAR, a number of new results have 

been published. The global coverage of satellite 

altimetry since the early 1990s (TOPography 

EXperiment (TOPEX)/Poseidon and Jason) has 

improved the estimate of global sea level rise and 

has revealed the complex geographical patterns 

of sea level change in open oceans. Near-global 

ocean temperature data for the last 50 years have 

been recently made available, allowing the first observationally 

based estimate of the thermal expansion contribution to sea 

level rise in past decades. For recent years, better estimates of 

the land ice contribution to sea level are available from various 

observations of glaciers, ice caps and ice sheets. 

In this section, we summarise the current knowledge of 

present-day sea level rise. The observational results are assessed, 

followed by our current interpretation of these observations in 

terms of climate change and other processes, and ending with a 

discussion of the sea level budget (Section 5.5.6). 

5.5.2 Observations of Sea Level Changes

5.5.2.1 20th-Century Sea Level Rise from Tide Gauges

Table 11.9 of the TAR listed several estimates for global and 

regional 20th-century sea level trends based on the Permanent 

Service for Mean Sea Level (PSMSL) data set (Woodworth 

and Player, 2003). The concerns about geographical bias in 

the PSMSL data set remain, with most long sea level records 

stemming from the NH, and most from continental coastlines 

rather than ocean interiors. Based on a small number (~25) of 

high-quality tide gauge records from stable land regions, the 

rate of sea level rise has been estimated as 1.8 mm yr–1 for the 

past 70 years (Douglas, 2001; Peltier, 2001), and Miller and 

Douglas (2004) find a range of 1.5 to 2.0 mm yr–1 for the 20th 

century from 9 stable tide gauge sites. Holgate and Woodworth 

(2004) estimated a rate of 1.7 ± 0.4 mm yr–1 sea level change 

averaged along the global coastline during the period 1948 to 

2002, based on data from 177 stations divided into 13 regions. 

Church et al. (2004) (discussed further below) determined 

a global rise of 1.8 ± 0.3 mm yr–1 during 1950 to 2000, and 

Church and White (2006) determined a change of 1.7 ±  

0.3 mm yr–1 for the 20th century. Changes in global sea level 

as derived from analyses of tide gauges are displayed in Figure 

5.13. Considering the above results, and allowing for the 

ongoing higher trend in recent years shown by altimetry (see 

Section 5.5.2.2), we assess the rate for 1961 to 2003 as 1.8 ±  

0.5 mm yr–1 and for the 20th century as 1.7 ± 0.5 mm yr–1. 

While the recently published estimates of sea level rise over 

the last decades remain within the range of the TAR values 

(i.e., 1–2 mm yr–1), there is an increasing opinion that the best 

estimate lies closer to 2 mm yr–1 than to 1 mm yr–1. The lower 

bound reported in the TAR resulted from local and regional 

studies; local and regional rates may differ from the global 

mean, as discussed below (see Section 5.5.2.5). 

A critical issue concerns how the records are adjusted for 

vertical movements of the land upon which the tide gauges 

are located and of the oceans. Trends in tide gauge records are 

corrected for GIA using models, but not for other land motions. 

The GIA correction ranges from about 1 mm yr–1 (or more) near 

to former ice sheets to a few tenths of a millimetre per year in 

the far field (e.g., Peltier, 2001); the error in tide-gauge based 

global average sea level change resulting from GIA is assessed 

as 0.15 mm yr–1. The TAR mentioned the developing geodetic 

technologies (especially the Global Positioning System; GPS) 

that hold the promise of measuring rates of vertical land 

movement at tide gauges, no matter if those movements are 

due to GIA or to other geological processes. Although there 

has been some model validation, especially for GIA models, 

systematic problems with such techniques, including short data 

spans, have yet to be fully resolved. 

Figure 5.13. Annual averages of the global mean sea level (mm). The red curve shows reconstructed 
sea level fields since 1870 (updated from Church and White, 2006); the blue curve shows coastal tide 
gauge measurements since 1950 (from Holgate and Woodworth, 2004) and the black curve is based 
on satellite altimetry (Leuliette et al., 2004). The red and blue curves are deviations from their averages 
for 1961 to 1990, and the black curve is the deviation from the average of the red curve for the period 
1993 to 2001. Error bars show 90% confidence intervals. 

Global sea level

Figure 5.13 from IPCC (2007)

Reconstructed

tide gauges

satellite altimetry
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and –1.9 to +1.0 mm yr–1 for 1990. However, indirect evidence 

from considering other contributions to the sea level budget 

(see Section 5.5.6) suggests that the land contribution either is 

small (<0.5 mm yr–1) or is compensated for by unaccounted or 

underestimated contributions. 

5.5.6 Total Budget of the Global Mean Sea 
 Level Change

The various contributions to the budget of sea level change 

are summarised in Table 5.3 and Figure 5.21 for 1961 to 2003 

and 1993 to 2003. Some terms known to be small have been 

omitted, including changes in atmospheric water vapour and 

climate-driven change in land water storage (Section 5.5.5), 

permafrost and sedimentation (see, e.g., Church et al., 2001), 

which very likely total less than 0.2 mm yr–1. The poorly known 

anthropogenic contribution from terrestrial water storage (see 

Section 5.5.5.4) is also omitted. 

For 1961 to 2003, thermal expansion accounts for only  

23 ± 9% of the observed rate of sea level rise. Miller and 

Douglas (2004) reached a similar conclusion by computing 

steric sea level change over the past 50 years in three oceanic 

regions (northeast Pacific, northeast Atlantic and western 

Atlantic); they found it to be too small by about a factor of 

three to account for the observed sea level rise based on nine 

tide gauges in these regions. They concluded that sea level rise 

in the second half of the 20th century was mostly due to water 

mass added to the oceans. However, Table 5.3 shows that the 

sum of thermal expansion and contributions from land ice is 

smaller by 0.7 ± 0.7 mm yr–1 than the observed global average 

sea level rise. This is likely to be a significant difference. The 

assessment of Church et al. (2001) could allow this difference 

to be explained by positive anthropogenic terms (especially 

groundwater mining) but these are expected to have been 

outweighed by negative terms (especially impoundment). We 

conclude that the budget has not yet been closed satisfactorily.

Given the large temporal variability in the rate of sea level rise 

evaluated from tide gauges (Section 5.5.2.4 and Figure 5.17), 

the budget is rather problematic on decadal time scales. The 

thermosteric contribution has smaller variability (though still 

substantial; Section 5.5.3) and there is only moderate temporal 

correlation between the thermosteric rate and the tide gauge 

rate. The difference between them has to be explained by ocean 

mass change. Because the thermosteric and climate-driven land 

water contributions are negatively correlated (Section 5.5.5.3.), 

Table 5.3. Estimates of the various contributions to the budget of global mean sea level change for 1961 to 2003 and 1993 to 2003 compared with the observed rate of rise. 
Ice sheet mass loss of 100 Gt yr–1 is equivalent to 0.28 mm yr–1 of sea level rise. A GIA correction has been applied to observations from tide gauges and altimetry. For the sum, 
the error has been calculated as the square root of the sum of squared errors of the contributions. The thermosteric sea level changes are for the 0 to 3,000 m layer of 
the ocean.

 Sea Level Rise (mm yr–1) 
Source 1961–2003 1993–2003 Reference 

Thermal Expansion 0.42 ± 0.12 1.6 ± 0.5 Section 5.5.3

Glaciers and Ice Caps 0.50 ± 0.18 0.77 ± 0.22 Section 4.5

Greenland Ice Sheet 0.05 ± 0.12 0.21 ± 0.07 Section 4.6.2

Antarctic Ice Sheet 0.14 ± 0.41 0.21 ± 0.35 Section 4.6.2

Sum 1.1 ± 0.5 2.8 ± 0.7 

Observed 1.8 ± 0.5  Section 5.5.2.1

  3.1 ± 0.7 Section 5.5.2.2

Difference (Observed –Sum) 0.7 ± 0.7 0.3 ± 1.0 

Figure 5.21. Estimates of the various contributions to the budget of the global mean 
sea level change (upper four entries), the sum of these contributions and the observed 
rate of rise (middle two), and the observed rate minus the sum of contributions 
(lower), all for 1961 to 2003 (blue) and 1993 to 2003 (brown). The bars represent the 
90% error range. For the sum, the error has been calculated as the square root of the 
sum of squared errors of the contributions. Likewise the errors of the sum and the 
observed rate have been combined to obtain the error for the difference.

1961-2003
1993-2003

Figure 5.21 from IPCC (2007)
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In all scenarios, the average rate of rise during the 21st century 

is very likely to exceed the 1961 to 2003 average rate of 1.8 ± 0.5 

mm yr–1 (see Section 5.5.2.1). The central estimate of the rate 

of sea level rise during 2090 to 2099 is 3.8 mm yr–1 under A1B, 

which exceeds the central estimate of 3.1 mm yr–1 for 1993 to 

2003 (see Section 5.5.2.2). The 1993 to 2003 rate may have a 

contribution of about 1 mm yr–1 from internally generated or 

naturally forced decadal variability (see Sections 5.5.2.4 and 

9.5.2). These sources of variability are not predictable and not 

included in the projections; the actual rate during any future 

decade might therefore be more or less than the projected rate 

by a similar amount. Although simulated and observed sea level 

rise agree reasonably well for 1993 to 2003, the observed rise 

for 1961 to 2003 is not satisfactorily explained (Section 9.5.2), 

as the sum of observationally estimated components is 0.7 ± 0.7 

mm yr–1 less than the observed rate of rise (Section 5.5.6). This 

indicates a deficiency in current scientific understanding of sea 

level change and may imply an underestimate in projections.

For an average model (the central estimate for each scenario), 

the scenario spread (from B1 to A1FI) in sea level rise is only 

0.02 m by the middle of the century. This is small because of the 

time-integrating effect of sea level rise, on which the divergence 

among the scenarios has had little effect by then. By 2090 to 

2099 it is 0.15 m.

In all scenarios, the central estimate for thermal expansion 

by the end of the century is 70 to 75% of the central estimate for 

the sea level rise. In all scenarios, the average rate of expansion 

Figure 10.33. Projections and uncertainties (5 to 95% ranges) of global average sea level rise and its 
components in 2090 to 2099 (relative to 1980 to 1999) for the six SRES marker scenarios. The projected 
sea level rise assumes that the part of the present-day ice sheet mass imbalance that is due to recent ice 
flow acceleration will persist unchanged. It does not include the contribution shown from scaled-up ice sheet 
discharge, which is an alternative possibility. It is also possible that the present imbalance might be transient, 
in which case the projected sea level rise is reduced by 0.02 m. It must be emphasized that we cannot assess 
the likelihood of any of these three alternatives, which are presented as illustrative. The state of understanding 
prevents a best estimate from being made.

during the 21st century is larger than central 

estimate of 1.6 mm yr–1 for 1993 to 2003 

(Section 5.5.3). Likewise, in all scenarios the 

average rate of mass loss by G&IC during 

the 21st century is greater than the central 

estimate of 0.77 mm yr–1 for 1993 to 2003 

(Section 4.5.2). By the end of the century, 

a large fraction of the present global G&IC 

mass is projected to have been lost (see, e.g., 

Table 4.3). The G&IC projections are rather 

insensitive to the scenario because the main 

uncertainties come from the G&IC model.

Further accelerations in ice flow of the 

kind recently observed in some Greenland 

outlet glaciers and West Antarctic ice streams 

could increase the ice sheet contributions 

substantially, but quantitative projections 

cannot be made with confidence (see Section 

10.6.4.2). The land ice sum in Table 10.7 

includes the effect of dynamical changes in 

the ice sheets that can be simulated with a 

continental ice sheet model (Section 10.6.4.2). 

It also includes a scenario-independent term 

of 0.32 ± 0.35 mm yr–1 (0.035 ± 0.039 m in 

110 years). This is the central estimate for 

1993 to 2003 of the sea level contribution 

from the Antarctic Ice Sheet, plus half of that 

from Greenland (Sections 4.6.2.2 and 5.5.5.2). We take this as 

an estimate of the part of the present ice sheet mass imbalance 

that is due to recent ice flow acceleration (Section 4.6.3.2), and 

assume that this contribution will persist unchanged.

We also evaluate the contribution of rapid dynamical 

changes under two alternative assumptions (see, e.g., Alley et 

al., 2005b). First, the present imbalance might be a rapid short-

term adjustment, which will diminish during coming decades. 

We take an e-folding time of 100 years, on the basis of an 

idealised model study (Payne et al., 2004). This assumption 

reduces the sea level rise in Table 10.7 by 0.02 m. Second, 

the present imbalance might be a response to recent climate 

change, perhaps through oceanic or surface warming (Section 

10.6.4.2). No models are available for such a link, so we assume 

that the imbalance might scale up with global average surface 

temperature change, which we take as a measure of the magnitude 

of climate change (see Appendix 10.A). This assumption adds 

0.1 to 0.2 m to the estimated upper bound for sea level rise 

depending on the scenario (Table 10.7). During 2090 to 2099, 

the rate of scaled-up antarctic discharge roughly balances the 

increased rate of antarctic accumulation (SMB). The central 

estimate for the increased antarctic discharge under the SRES 

scenario A1FI is about 1.3 mm yr–1, a factor of 5 to 10 greater 

than in recent years, and similar to the order-of-magnitude 

upper limit of Section 10.6.4.2. It must be emphasized that we 

cannot assess the likelihood of any of these three alternatives, 

which are presented as illustrative. The state of understanding 

prevents a best estimate from being made.

Future global sea level

Figure 10.33 from IPCC (2007)

Increasing GHGs





SLR 
Estimate Components 2050 2100

NW 
Olympic 

Peninsula

Central & 
Southern 

Coast
Puget 
Sound

NW 
Olympic 

Peninsula

Central & 
Southern 

Coast
Puget 
Sound

Very Low

Global SLR 9 cm 18 cm
Atm. 

Dynamics -1 cm - 2 cm

VLM -20 cm - 5cm 0  cm - 40 cm -10 cm 0 cm

Total -12 cm (-5”) 3 cm (1”) 8 cm (3”) -24 cm (-9”) 6 cm (2”) 16 cm (6”)

Medium

Global SLR 15 cm 34 cm
Atm. 

Dynamics 0 cm 0 cm

VLM - 15 cm - 2.5 cm 0 cm -30 cm - 5 cm 0 cm

Total 0 cm (0”) 12.5 cm (5”) 15 cm (6”) 4 cm (2”) 29 cm (11”) 34 cm (13”)

Very High

Global SLR 38 cm 93 cm
Atm. 

Dynamics 7 cm 15 cm

VLM -10 cm 0 cm 10 cm - 20 cm 0 cm 20 cm

Total 35 cm (14”) 45 cm (18”) 55 cm (22”) 88 cm (35”) 108 cm 
(43”)

128 cm 
(50”)



period SLH fluctuations, while monthly-to-interannual SLH fluctuations associated with El
Niño/Southern Oscillation (ENSO) contribute the dominant part of sea level variability at
seasonal to interannual time scales. The greatest coastal impacts occur when elevated storm
surge coincides with high tides near peaks of longer period SLH fluctuations, all of which
are superimposed on MSL. Most of the “spread” in the distribution of sea levels is caused
by astronomical tides, i.e. the regular changes of ocean water levels caused by the
gravitational forces of the moon and sun. Tides are almost always the largest components of

Fig. 1 Observed monthly mean sea level (cm) from Seattle, San Francisco, San Diego tide gauges. Least
squares trends (red lines) have similar slopes, and represent the regional sea level upon which shorter
duration SLH fluctuations are superimposed

Climatic Change

Cayan et al. 2007
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For the B1 constant composition commitment run, the 

additional warming after 100 years is also about 0.5°C, and 

roughly the same for the A1B constant composition commitment 

(Supplementary Material, Figure S10.3). These new results 

quantify what was postulated in the TAR in that the warming 

commitment after stabilising concentrations is about 0.5°C 

for the first century, and considerably smaller after that, with 

most of the warming commitment occurring in the first several 

decades of the 22nd century.

Constant composition precipitation commitment for the 

multi-model ensemble average is about 1.1% by 2100 for the 

20th-century constant composition commitment experiment, 

and for the B1 constant composition commitment experiment it 

is 0.8% by 2200 and 1.5% by 2300, while for the A1B constant 

composition commitment experiment it is 1.5% by 2200 and 

2% by 2300. 

 The patterns of change in temperature in the B1 and A1B 

experiments, relative to the pre-industrial period, do not change 

greatly after stabilisation (Table 10.5). Even the 20th-century 

stabilisation case warms with some similarity to the A1B pattern 

(Table 10.5). However, there is some contrast in the land and 

ocean warming rates, as seen from Figure 10.6. Mid- and low-

latitude land warms at rates closer to the global mean of that of 

A1B, while high-latitude ocean warming is larger.

10.7.2 Climate Change Commitment to Year 3000 
and Beyond to Equilibrium

Earth System Models of Intermediate Complexity are used 

to extend the projections for a scenario that follows A1B to 

2100 and then keeps atmospheric composition, and hence 

radiative forcing, constant to the year 3000 (see Figure 10.34). 

By 2100, the projected warming is between 1.2°C and 4.1°C, 

similar to the range projected by AOGCMs. A large constant 

composition temperature and sea level commitment is evident 

in the simulations and is slowly realised over coming centuries. 

By the year 3000, the warming range is 1.9°C to 5.6°C. While 

surface temperatures approach equilibrium relatively quickly, 

sea level continues to rise for many centuries.

Five of these EMICs include interactive representations of 

the marine and terrestrial carbon cycle and, therefore, can be 

used to assess carbon cycle-climate feedbacks and effects of 

Figure 10.34. (a) Atmospheric CO2, (b) global mean surface warming, (c) sea level rise from thermal expansion and (d) Atlantic meridional overturning circulation (MOC) 
calculated by eight EMICs for the SRES A1B scenario and stable radiative forcing after 2100, showing long-term commitment after stabilisation. Coloured lines are results 
from EMICs, grey lines indicate AOGCM results where available for comparison. Anomalies in (b) and (c) are given relative to the year 2000. Vertical bars indicate ±2 standard 
deviation uncertainties due to ocean parameter perturbations in the C-GOLDSTEIN model. The MOC shuts down in the BERN2.5CC model, leading to an additional contribution to 
sea level rise. Individual EMICs (see Table 8.3 for model details) treat the effect from non-CO2 greenhouse gases and the direct and indirect aerosol effects on radiative forcing 
differently. Despite similar atmospheric CO2 concentrations, radiative forcing among EMICs can thus differ within the uncertainty ranges currently available for present-day 
radiative forcing (see Chapter 2).



Conclusions

Regional-scale warming can now be 
attributed to rising greenhouse gases

Many hydrologic changes consistent with 
warming - will require policy and 
operational changes

Sea level rise - ice sheets the wild card 


